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We address for the first time the measurement of nonradiative decay rates in Cr-related centers in nanodiamonds.
Compared to our previous quantum efficiency measurement of Cr centers created in bulk diamond, separate mea-
surements of radiative and nonradiative decay rates in grown nanodiamonds prove more challenging due to size
dependence effects. We demonstrate in this Letter that, using defocused dipole imaging and collection efficiency
calculation via finite-difference time-domain (FDTD), a quantum efficiency up to 0.9 can be inferred to Cr-related
centers showing a 2-level system photon statistics. © 2011 Optical Society of America
OCIS codes: 160.2220, 160.2540, 160.4236, 180.1790.
Color centers in nanodiamonds (NDs) have recently at-
tracted much attention due to their application as single
photon sources in quantum communication [1], as probes
for magnetometry [2] and electric field measurements, as
ideal emitters for super-resolution imaging [3], mostly
due to their photo-stability. In particular, the best-known
and most attractive color center, based on a nitrogen
atom and a vacancy in the diamond matrix (NV, nitrogen
vacancy), is particularly studied for its electron and
nuclear spin optical read-out [4], that makes it a viable
candidate for quantum computing. However, NV center
presents several drawbacks, such as a broadband emis-
sion and a dim zero phonon line at low temperature, only
about 4% of its entire spectra. Because of its nonlinear
dipole in absorption and emission, constituted by two lin-
ear and orthogonal incoherent dipoles, its integration in
photonics cavity proves cumbersome preventing for now
to achieve strong coupling regime at room temperature,
thus hampering its full practical exploitation. Other color
centers such SiV, NE8, and recently Cr-related centers,
present some interesting features such as narrow band-
width, narrow spectral emission, and short lifetime and
in general they are much brighter than NV centers. A
comprehensive review on single photon emitters in
diamond can be found in [1]. In particular, the recently
Cr-related centers in NDs [5] and bulk diamond [6] have
been thoroughly studied up to the point of being the most
studied center after NV. Cr is the only non-NV center that
has been created efficiently in both NDs and bulk
diamond. In bulk diamond via dipole imaging it has been
possible to measure its dipole emission orientation and
directly the quantum efficiency for the first time at the
single emitter level [7]. Quantum efficiency measure-
ments at the single quantum level, i.e. the ratio between
radiative decay rate and total decay rate, are particularly
difficult and relevant in defect centers in NDs in view of
their application in establishing single photon standards
and in subdiffration microscopy. Many currently used
efficient single photon source fluorophores, such as
terrylene single molecules [8] and CdSe quantum dots
[9], were directly proved to have a quantum efficiency
close to 1, making them very exciting apart from their
nonideal photo-stability. NV centers quantum efficiency
in bulk diamond has been indirectly inferred 0.7 [3], while
Cr in bulk diamond has been measured to have a quan-
tum efficiency of 0.3. This is possibly due to the present
method of fabrication, based on heavy ion beam irradia-
tion, which produces excessive damage in the diamond
matrix and other N‐related impurities that could quench
the centers.
In this Letter we address the measurement of radiative
and nonradiative decay rates of Cr-related single emitters
in NDs. We identify and study several Cr-related centers
in chemical vapor deposition (CVD) NDs grown on a sap-
phire substrate, as reported in [5]. For the identification
purpose, we use a homemade confocal microscope to
localize single photon emitters (schematic in Fig. 1). Only
single photon emissions are considered in this work,
i.e. the normalized second-order temporal correlation
function gð2ÞðτÞ ¼ hIðtþ τÞIðtÞi=hIðtÞ2i at zero delay time,
gð2Þð0Þ < 0:5. gð2ÞðτÞ gives an indication of the number of
Fig. 1. (Color online) Schematic of the confocal microscope:
Obj 100× 0:95NA objective, Di dichroic mirror, F bandpass
filters (10 and 40nm), APD1;2 single photon modules, BS beam
splitter, FM flipping mirrors, laser 1 and 2CW and pulsed
Ti:sapphs, cooled CCD, spectrum analyzer, photon counting
system. The orientation of a generic dipole relative to the optic
axis (z) and the sample surface is identified by the polar Θ and
azimuthal Φ angles.
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emitters in a particular nanocrystal, an “antibunching”
dip in gð2ÞðτÞ indicates sub-Poissonian statistics of the
emitted photons. Cr-related centers in NDs are asso-
ciated with two typical photon statistics, corresponding
to either an ideal 2-level system or to a 3-level system,
evidenced in the antibunching curve by a photon bunch-
ing effect at longer delay times. This is associated to a
metastable or dark state, which does not contribute to
the measured nonradiative decay rate. In the pulsed re-
gime, we use the laser trigger pulse to measure directly
the excited state total lifetime as temporal decay of the
photoluminescence. A spectrometer connected to the
detection arm allows to measure the emission spectra,
reflecting the photon statistics of the single center:
narrow bandwidth emitters (1.5 to 4 nm) correspond to
3-level system, while bandwidths of 6–10 nm correspond
to a 2-level system. The central peaks of the centers here
studied are distributed between 748 nm and 758 nm. The
back focal plane of the objective is imaged using a −70 °C
cooled CCD to measure the emission dipole orientation
via defocused imaging and direct imaging (not shown)
methods as described in [7,9]. The transition dipoles or-
ientation angles Θ and Φ can be measured by fitting the
cross-section of the direct dipole imaging and the fitted
parameters are used to simulate the defocused images
shown in Fig. 2. FDTD method was used for the defo-
cused and direct imaging simulations using Lumerical
software. Θ and Φ obtained are reported for the some
centers in Fig. 2. The orientation of the emission dipole
in NDs is randomly distributed. Moreover the excitation
of the centers with linearly polarized light and the analy-
sis of the emitted light by a polarizer before the detection,
indicate the presence of 1D dipoles both in excitation
and emission. The measurement of the dipole orientation
is relevant to determine the quantum efficiency of an
emitter. The quantum efficiency is defined as ηqe ¼ krad=
ðkrad þ knrÞ, where krad and knr are the radiative and non-
radiative decay rates, respectively. A direct measurement
of the total excited state lifetime τD ¼ ðkrad þ knrÞ−1 is
performed for all the emitters. Typical ηqe measurements
in nanoscopic single emitters are done by modifying the
local density of states in the immediate proximity of the
emitter, which induces a calculable modification of only
the radiative decay rate. Since the NDs considered here
have an average size diameter distribution of about
300 nm and are grown by CVD directly on the substrate,
it is not easy to perform such a measurement directly. We
therefore measure the count rate for several optical
power I and determine the count rate at saturation,
R
∞
, from the fit R ¼ R
∞
× I=ðI þ IsatÞ [Fig. 3(a)]. The
count rate at saturation is R
∞
¼ ηdet × ηcoll × ηqe × τ−1D ,
where ηdet ¼ 0:44 is the measured detection efficiency.
ηcoll is the collection efficiency, which is difficult to mea-
sure. We can calculate the collection efficiency knowing
the polar dipole emission angle Θ. The radiative power
LðΘ;Φ; θ;ϕÞ of a 1D dipole in free space depends on the
dipole orientation angles Θ and Φ, as well as on the
fluorescence emission angle θ, ϕ. The collection effi-
ciency can be calculated in the case of a dipole em-
bedded in a small ND close to an interface as ηcoll ¼P
i¼s;p
R arcsinðNAÞ=n
0 dθ × sin θ
R
2π
0 dϕLiðΘ;Φ; θ;ϕÞti, where
p and s indicate the s and p polarization of the incident
light and tðs;pÞ are the Fresnel transmission coefficients.
The collection efficiency calculated in this way accounts
only for the losses at the interface between the dipole and
the substrate. In Fig. 3(b) we show the saturation count
rates and the collection efficiency of the Cr emitters. The
collection efficiency is calculated using FDTD, assuming
an average radius of the NDs of 120 nm (as measured by
Fig. 2. (Color online) Defocused dipole imaging of some of the
centers studied: on the left the calculated image using FDTD
(NA ¼ 0:95 and defocusing of 1:32 μm) and on the right the
measured image. Θ and Φ angles are determined. The scale
is 4 × 4 μm.
Fig. 3. (Color online) (a) Saturation curves of the emitters ver-
sus optical power, fitted using Origin software yielding a χ2ν ¼
4 ÷ 30 and r2 ¼ 0:999. In some cases the emitters do not reach
complete saturation thus reducing the accuracy of the fitting,
however, higher power could not be used due to the increased
background attributed to high scattering; (b) calculated collec-
tion efficiency for the measured dipoles (red triangles on the
right axis). The saturation count rates are shown on the left axis
(black squares). (c) Total excited state lifetime measurements
(left axis, black squares) and quantum efficiency (right axis, red
triangles), deduced from the collection efficiency in (b). Stars
indicate 2-level system emitters. (d) FDTD calculation of the
Purcell factor (right axis)for a Cr center, plotted versus the
ND radius (solid red line for a dipole parallel to the substrate
plane). On the left axis collection efficiency calculated via
FDTD versus the ND radius, black straight curve and dashed
blue line for a dipole parallel and orthogonal to the surface,
respectively.
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SEM in [5]), integrating over the specific bandwidth of
the considered centers and using the measured dipole or-
ientations (Fig. 2). A ND is simulated as a sphere and the
dipole is at its center. The calculated collection efficiency
by FDTD is validated by the theoretical model for a ND of
10nm radius. In Fig. 3(c) the total lifetime directly mea-
sured is shown and compared to the deduced quantum
efficiency from the data in Fig. 3(b). In this case we ob-
serve a correlation between emitters with a longer life-
time and highest quantum efficiency, suggesting that
shorter lifetimes can be associated to nonradiative decay
rates. From the lifetime measurements, it is evident a
huge variability, from 1:5 ns to 8 ns and even longer life-
time of 14 ns are measured in similar emitters. This var-
iation occurs for small difference in the spectral emission
of the observed Cr centers. The wide variability of life-
time emission of the Cr centers in NDs can be also related
to the size of the NDs. We calculate using FDTD the mod-
ification of the radiative lifetime due to the ND size for
the Cr center. We determine the ratio of the radiative de-
cay rate in NDs with respect to the radiative decay rate in
the bulk material (∝ ratio to the local density of states,
i.e. Purcell factor). The results are shown in Fig. 3(d): for
NDs with radius approaching 180 nm, Mie scattering re-
sonance inside the ND mediates the radiative emission of
the dipole, inducing an oscillating Purcell factor larger
than 1. As opposite in the case of smaller ND (r ≪ λ)
the electrostatic approximation holds and the radiative
emission does not depend on the location of the dipole
in the sphere and on its orientation. The Purcell factor in
the Mie scattering regime depends also on the dipole or-
ientation and the location of the dipole in the diamond.
Along this line a direct correlation between lifetime and
brightness is not expected in NDs that can hold Mie scat-
tering modes. We also calculate the collection efficiency
for different NDs radii. A strong dependence, following
the Purcell factor, on the ND size is outlined. The lack
of a specific ND’s size measurement for the single emit-
ters studied here allow to estimate an average nonradia-
tive decay rate. A direct measurement of the size of the
NDs, an experimental validation of size and dipole-
distance to the interface effects will be an important
addition to determine more accurately the presence of
purely nonradiative decay rates.
In summary, we demonstrate a measurement and a
methodology to estimate nonradiative decay rates of
single defects in NDs. We demonstrate that dipole defo-
cused imaging of single Cr defects in NDs and a more
accurate calculation of the collection efficiency depen-
dence on the NDs size are needed in the determination
of nonradiative decay rates. Our methods show a quan-
tum efficiency close to 1 in a 2-level system single
emitter. We also show that Cr-related centers in NDs with
a 3-level system photon statistics present clear nonradia-
tive decay rates. Our modeling and measurements should
be considered in the case of designing relevant photonics
structures to enhance the collection efficiency of defects
in NDs, aiming at highly desirable values of collection
efficiency around 90% [10]. Our work will significantly
contribute to enhancing present NDs based single photon
sources.
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